This article deals with a general approach to synthesizing alkyl 1,4-dihydro-2-methylthio-4,4,6-trisubstituted pyrimidine-5-carboxylate 1 and its tautomeric isomer, alkyl 1,6-dihydro-2-methylthio-4,6,6-trisubstituted pyrimidine-5-carboxylate 2, which was achieved by applying the Atwal-Biginelli cyclocondensation reaction 1-3) of S-methylisothiourea hemisulfate salt 3 to 2-(gem-disubstituted)methylene-3-oxoesters 4 available by the Lehnert procedure 4, 5) for the Knoevenagel-type condensation (Fig. 1 ). This synthetic study was conducted as part of our medicinal chemistry program to explore alkyl 3,4-dihydro-2-oxo-3,4,4,6-tetrasubstituted pyrimidine-5-carboxylates 5a and their 2-thioxo congeners 5b for novel therapeutic agents, 6) which was inspired by the two track records with the related 1,4-dihydro-4-monoaryl-6-methylpyrimidine derivatives that follow: (R)-SQ 32926 6, 7) a calcium channel blocker developed as an orally active antihypertensive agent, and monastrol 7, 8-10) a possible anticancer agent that inhibits mitotic cell division by blocking the activity of kinesin Eg 5, a motor protein causing spindle bipolarity. alkyl 1,4-dihydro-2-methylthio-4,4,6-trisubstituted pyrimidine-5-carboxylate 1 and its tautomeric isomer, alkyl 1,6-dihydro-2-methylthio-4,6 ,6-trisubstituted pyrimidine-5-carboxylate 2 is synthesized by the Atwal--Biginelli cyclocondensation reaction of S-methylisothiourea hemisulfate salt 3 with 2-(gem-disubstituted)methylene-3-oxoesters 4 that can be accessed by the Lehnert procedure for the Knoevenagel-type condensation. The structures of the tautomeric products of the Atwal-Biginelli cyclocondensation reaction, 1 and 2, which are inseparable from each other, are determined unambiguously by 1 H-NMR spectroscopy at various temperatures and nuclear Overhauser enhancement spectroscopy (NOESY) experiment. Because these dihydropyrimidine products are otherwise inaccessible and thus hitherto unavailable, the synthetic methods established in this study will help to expand the molecular diversity of their related derivatives.
Results and Discussion
One of the ultimate synthetic targets being 3,4-dihydro-4,4,6-trisubstituted-2-thioxopyrimidine 5b (R 5 ϭH), a threecomponent Biginelli reaction was first attempted, in which ethyl acetoacetate (10 1.0 eq) was treated with thiourea 8 (1.2 eq) and acetone 9 (3-10 eq) in dimethylformamide (DMF) at 65°C for 12 h in the presence of a Brønsted acid (1.0 eq), such as HCl, H 2 SO 4 , trifluoroacetic acid, 4-toluenesulfonic acid, or methanesulfonic acid (Chart 1). 11) However, no desired ethyl 3,4-dihydro-4,4,6-trimethyl-2-thioxopyrimidine-5-carboxylate 11 was produced, and the starting material 10 was recovered intact. Furthermore, no such threecomponent reaction took place to afford ethyl 1,4-dihydro-4,6,6-trimethyl-2-methylthiopyrimidine-5-carboxylate 12 or its 1,6-dihydro tautomer 13 when 9 (3-10 eq) and 10 (1.0 eq) were exposed to 3 (1.2 eq) instead of 8 in DMF in the presence of NaHCO 3 (4.0 eq) at 65°C for 12 h. [12] [13] [14] In contrast, when ethyl 2-benzylidene-3-oxobutanoate 14 [E/Z (1 : 3.0)], 15) a typical 2-(monosubstituted)methylene-3-oxoester prepared under the conventional Knoevenagel reaction conditions, was subjected to Atwal-Biginelli conditions [3 (1.2 eq), NaHCO 3 (4.0 eq), DMF, 60°C for 5 h], the cyclocondensation reaction proceeded uneventfully to provide ethyl 1,4-dihydro-2-methylthio-4,6-disubstituted pyrimidine-5-carboxylate 15 and its tautomeric isomer 16 as an inseparable mixture [15/16 (2.2 : 1)] in a combined yield of 67% (Chart 2). 16, 17) Structural assignments for 15 and 16 were made by the following nuclear Overhauser enhancement spectroscopy (NOESY) experiment. With the major component 15, its 6-methyl protons exhibited a significant nuclear Overhauser effect (NOE) when the 1-NH proton was irradiated; hence, its structure was determined to be 1,4-dihydropyrimidine 15 as depicted in Chart 2. Irradiation of the 1-NH proton in the minor component 16 caused the NOE on the 6-proton, which led to its structure being determined to be 1,6-dihydropyrimidine 16, a tautomeric isomer of 15 (Chart 2): for detail, see Experimental. Hence, it was envisioned that when prefabricated ethyl 3-oxo-2-(2-propylidene)-butanoate 17 was allowed to react with 8 and 3, the cyclocondensation in question should proceed to give 11 and a mixture of 12 and 13, respectively (Chart 1).
To test the above-mentioned proposition, 17 was required in sufficient quantity. To our disappointment, it was obtained in less than 3% yield when ethyl acetoacetate 10 (1.0 eq) and acetone 9 (2.0 eq) were subjected to the conventional Knoevenagel reaction conditions [piperidine (0.25 eq), molecular sieves 4A (34% w/w based on 10), toluene, 50°C, 24 h] (Chart 3). 18) However, literature search in parallel with failed experimentation led to identifying the Lehnert's report, [19] [20] [21] [22] [23] [24] which was demonstrated to be the most effective means of preparing 17 by the Knoevenagel-type condensation: when 10 (1.0 eq) and 9 (2.0 eq) were treated with TiCl 4 (1.0 eq) in the presence of pyridine (4.0 eq) in tetrahydrofuran (THF) at room temperature for 12 h, 17 was obtained in 44% yield (Chart 3). 4, 5) Having secured 17 in quantity, we turned our attention towards the synthesis of 11 (Chart 3). When 17 was treated with thiourea 8 in the presence of HCl according to the typical procedures of the three-component Biginelli reaction, the expected 2-thione product 11 was obtained in a low yield of 1%. In contrast, the Atwal-Biginelli cyclocondensation reaction proceeded successfully with 17 and S-methylisothiourea hemisulfate salt 3 to afford 1,4-dihydro-4,4,6-trimethyl-2-methylthiopyrimidine-5-carboxylate 12 and its 1,6-dihydro tautomer 13 as an inseparable mixture [12/13 (1.5 : 1)] in a combined yield of 89% (Chart 3). The structures of 12 and 13 were determined to be as depicted in Chart 3 by the NOESY experiment similar to that conducted with the tautomeric mixture of 15 and 16: for detail, see Experimental.
To see the concentration dependence of the tautomeric ratio of 12 to 13, their combined concentration was changed from 1.1ϫ10 Ϫ2 to 8.8ϫ10 Ϫ2 M. The tautomeric ratio determined by 1 H-NMR at 25°C remained unaffected at 1.5 : 1 throughout the concentrations varied. In contrast, the tautomeric ratio changed in a temperature-dependent manner. When the 1 H-NMR spectra were measured at temperatures increased from 25 to 105°C, the ratio decreased from 1.5 : 1 to 1.3 : 1. When the mixture was cooled to 25°C, the ratio was restored to the original value. Although the change in the composition was not large over the range of temperatures tested, it was such the temperature-dependent interconvertibility that corroborated the tautomeric relationship between 12 and 13.
Now that the Knoevenagel-type condensation between the b-oxoester 10 and the ketone 9 had provided 17 in good yield under the Lehnert conditions, 4, 5) we chose to apply those conditions to the synthesis of a range of 2-(gem-disubstituted)-methylene-3-oxoesters 4. The Lehnert's procedures worked for the Knoevenagel-type condensation of the aliphatic ketones 18a-f and the aromatic ketones 18g and h to afford the expected products 4a-f, as summarized in Table 1 .
Lehnert reported that ketones could undergo the Knoevenagel-type condensation with dialkyl malonate in the presence of TiCl 4 and pyridine, 4) with the use of 3-oxoester being limited to the condensation reaction with aldehydes. 5) Thus, the experimental results in Table 1 are the first successful expansion of the Lehnert procedures to the Knoevenagel-type condensation between 3-oxoesters and ketones.
With a variety of 2-(gem-disubstituted)methylene-3-oxoesters 4 (17, 4a-h) in hand, the stage was set for assembling 1,4-dihydro-2-methylthio-4,4,6-trisubstituted pyrimidine 1 and its 1,6-dihydro tautomeric isomer 2, both of which had remained otherwise inaccessible. With all these substrates, 17 and 4a-h, the Atwal-Biginelli cyclocondensation reaction [3 (1.2 eq), NaHCO 3 (4.0 eq), DMF, 65°C, 12 h)] proceeded uneventfully to give 1,4-dihydro-2-methylthio pyrimidine 1 and its 1,6-dihydro tautomer 2 in a fair to good yield, as listed in Table 2 .
What is worth making comments with respect to the tabulated results are as follows. In addition to ethyl ester 17 (Chart 3), the methyl and benzyl esters 4a and 4b, respectively, were tolerated in the reaction, and the corresponding products 1a/2a and 1b/2b could be obtained without incident (entries 1, 2). Their alkylidene substituents being sterically demanding, 4c and 4e underwent olefin isomerization towards deconjunction under the basic conditions applied so that steric congestion can be relieved; however, when 3 was used in excess amounts, the cyclocondensation could compete with the isomerization to afford the respective products 1c/2c and 1e/2e in acceptable yields (entries 3, 5). When starting from ethyl 2-isopropylidene-3-phenyl-3-oxopropanoate 4f, prepared from ethyl benzoylacetate 19f, a phenyl group could be installed at the 6-position of 1f/2f although 3 needed to be used in 3.0 eq to gain an acceptable yield (entry 6). A phenyl group could also be accommodated at the 4-position, as illustrated by 1g/2g (entry 7). Furthermore, a fluorenylidene group could be appended to the dihydropyrimidine skeleton, as shown by 1h/2h (entry 8).
Conclusion
In summary, it was demonstrated that alkyl 1,4-dihydro-2-methylthio-4,4,6-trisubstituted pyrimidine-5-carboxylate 1 (12, 1a-h) and its 1,6-dihydro tautomer 2 (13, 2a-h) could be assembled by applying the Atwal-Biginelli cyclocondensation reaction to 2-(gem-disubstituted)methylene-3-oxoesters 4 (17, 4a-h), which, in turn, was prepared from ketones, 9 and 18a-h, and 3-oxoesters, 10 and 19a-h, by resorting to the Lehnert conditions for the Knoevenagel-type condensation. In view of the fact that all the dihydropyrimidine derivatives reported in this article are new in spite of their existence as inseparable tautomeric mixtures, the synthetic procedures developed in our laboratory should help to expand the dihydropyrimidine-based molecular diversity, which would impact the drug discovery program.
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Experimental
All melting points were determined with an AS ONE melting point apparatus ATM-02 without correction. IR spectra were measured on a JASCO FT/IR-6100.
1 H-NMR spectra were recorded on a Bruker AVANCE TM III 600 (600 MHz) with tetramethylsilane (0 ppm) or dimethylsulfoxide (2.49 ppm) as an internal standard. 13 C-NMR spectra were recorded on a Bruker December 2011 1461 
a) General conditions: a mixture of 18 (80 mmol), 19 (40 mmol), TiCl 4 (40 mmol) and pyridine (160 mmol) in THF (40 ml) was stirred at room temperature for 12 h under an atmosphere of argon unless otherwise specified. b) For 24 h. c) 18 (1.0 eq) was used. d) TiCl 4 (2.0 eq) was used. e) 18 (3.0 eq) and pyridine (6.0 eq) were used at 40°C. f) 18 (1.0 eq), 19 (1.5 eq), TiCl 4 (3.0 eq) and pyridine (6.0 eq) were used.
AVANCE
TM III 600 (150 MHz) with chloroform (77.0 ppm) or dimethylsulfoxide (39.7 ppm) as an internal standard. Mass spectra were recorded on a JEOL JMS-700. High-resolution mass spectroscopy (HRMS) was performed using a JEOL JMS-700. Column chromatography was performed on silica gel 60 (nacalai tesque, 70-230 mesh) using the indicated solvents. TLC was performed using pre-coated silica gel 60 F 254 plates (Merck KGaA) using the indicated solvents.
Ethyl 1,4-Dihydro-6-methyl-2-methylthio-4-phenyl Pyrimidine-5-carboxylate (15) and Ethyl 1,6-Dihydro-4-methyl-2-methylthio-6-phenyl Pyrimidine-5-carboxylate (16) Under an atmosphere of argon, a mixture of S-methylisothiourea hemisulfate (3; 84 mg, 0.6 mmol), 14 [109 mg, 0.5 mmol, E/Z (1 : 3.0)], 15) NaHCO 3 (168 mg, 2.0 mmol), and dry DMF (1.0 ml) was heated at 60°C for 5 h. To the reaction mixture was added EtOAc (20 ml) followed by water (10 ml), and the organic layer was separated. The aqueous layer was extracted with EtOAc (20 mlϫ2), and the combined organic layer and extracts were washed with water, brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by flash column chromatography [n-hexane-EtOAc 69H, s, 15) . Structural assignment was made unambiguously by NOESY experiment: With the major component, the significant NOE was observed between 1-NH proton (d 9.58) and 6-methyl protons (d 2.21) and as such, its structure was determined to be 15 (Fig. 2) . With the minor component, the significant NOE was observed between 1-NH proton (d 9.06) and 6-proton (d 5.24) and as such, its structure was determined to be 16 (Fig. 2) 4, 5) a solution of ethyl acetoacetate (10; 5.2 g, 40 mmol), acetone (9; 5.8 ml, 80 mmol), and pyridine (12.6 g, 160 mmol) in dry THF (15 ml) was added to an ice-cooled solution of TiCl 4 (4.4 ml, d 1.73, 40 mmol) in dry THF (25 ml) at 0°C under an atmosphere of argon. The reaction mixture was stirred at room temperature for 12 h, and EtOAc (150 ml) and water (30 ml) were added. The organic layer was separated, and the aqueous layer was extracted with EtOAc (50 mlϫ2). The combined or-
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Vol ganic layer and extracts were washed with saturated NaHCO 3 aqueous solution, water, brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by flash column chromatography [nhexane-EtOAc (20 : 1)] to give 17 (3.0 g, 17.6 mmol, 44%), the 1 H-NMR spectral data of which were identical to those reported ones.
25)
2-(gem-Disubstituted)methylene-3-oxoester (4a-h) The 2-(gem-disubstituted)methylene-3-oxoesters 4a-h, were all assembled under the conditions similar to those described for the synthesis of 17, 4, 5) and below recorded are their isolated yield and their physicochemical and spectral data while the spectral data of 4c (yield: 17%) and 4f (yield: 15%) were identical to those reported ones. 25) Analysis and identification of the unresolved signal in the 13 , and NaHCO 3 (168 mg, 2.0 mmol) in dry DMF (1.0 ml) was heated at 65°C for 12 h. To the reaction mixture was added EtOAc (20 ml) followed by water (10 ml), and the organic layer was separated. The aqueous layer was extracted with EtOAc (20 mlϫ2), and the combined organic layer and extracts were washed with water, brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by flash column chromatography [n-hexane-EtOAc (4 : 1)] to give 12 and 13 as an inseparable mixture (108 mg, 0.45 mmol, 89%) in a ratio of 1. 6H, s, 12) . Structural assignment was made unambiguously by NOESY experiment: With the major component, the significant NOE was observed between 1-NH proton (d 9.13) and 6-methyl protons (d 1.90) and as such, its structure was determined to be 12 (Fig. 3) . With the minor component, the significant NOE was observed between 1-NH (d 8.07) and 6,6-dimethyl protons (d 1.28) and as such, its structure was determined to be 13 (Fig. 3) . 4H, s, 2a), 1.90 (1.8H, s, 1a), 1.95 (1.2H, s, 2a), 2.25 (1.8H, s,  1a), 2.33 (1.2H, s, 2a), 3.59 (1.8H, s, 1a), 3.60 (1.2H, s, 2a), 8.10 (0.4H, s,  2a), 9.16 (0.6H, s, 1a) . Exact structural assignment was made using NOESY experiment: With the major component, the significant NOE was observed between 1-NH proton (d 9.16) and 6-methyl protons (d 1.90) and as such, its structure was determined to be 1a (Fig. 4) . With the minor component, the significant NOE was observed between 1-NH (d 8.10) and 6,6-dimethyl protons (d 1.28) and as such, its structure was determined to be 2a (Fig. 4) . (Fig. 4) 62H, s, 1b) . Exact structural assignment was made using NOESY experiment: with the major component, the significant NOE was observed between 1-NH proton (d 9.20) and 6-methyl protons (d 1.91) and as such, its structure was determined to be 1b (Fig. 5) . With the minor component, the significant NOE was observed between 1-NH (d 8.13) and 6,6-dimethyl protons (d 1.28) and as such, its structure was determined to be 2b (Fig. 5 ). 89H, s, 1c) . Exact structural assignment was made using NOESY experiment: with the major component, the significant NOE was observed between 1-NH proton (d 9.10) and 6-methyl protons (d 1.83) and as such, its structure was determined to be 1c (Fig. 6 ). 63H, s, 1d) . Exact structural assignment was made using NOESY experiment: with the major component, the significant NOE was observed between 1-NH proton (d 9.03) and 6-methyl protons (d 1.92) and as such, its structure was determined to be 1d (Fig. 7) . With the minor component, the significant NOE was observed between 1-NH (d 7.93) and 6-methyl protons (d 1.25) and as such, its structure was determined to be 2d (Fig. 7) . 13 C-NMR (DMSO-d 6 64H, s, 1e) . Exact structural assignment was made using NOESY experiment: with the major component, the significant NOE was observed between 1-NH proton (d 8.90) and 6-methyl protons (d 1.93) and as such, its structure was determined to be 1e (Fig. 8) . With the minor component, the significant NOE was observed between 1-NH (d 7.77) and 6-methylene protons (d 1.75-1.87) and as such, its structure was determined to be 2e (Fig. 8) 
